
Optial properties of biologial aerosolsFinal tehnial reportRosalba Saija, Paolo Denti, Ferdinando BorgheseUniversit�a di Messina, Dipartimento di Fisia della Materiae Tenologie Fisihe Avanzate,Salita Sperone, 31 | 98166 Messina, Italy1. IntrodutionThe study of the optial properties of biologial aerosols, i.e. aerosols omposed of biologial sporesand other organi ompounds, presents unique diÆulties both on the experimental and on thetheoretial side. On the experimental side, we ite, as an example, the fat that all organi materials,both spores and organi ompounds present a luminesene spetrum whose most arahteritifeatures our in the range of wavelength in whih the atmosphere is most absorbing. The preseneof organi ompounds, on the other hand, may ome from ombustion of mineral hydroarbons.Moreover the spores of interest, suh as anthrax, are often dangerous and possibly fatal to humans.For this reason speial preautions must be taken in manipulating suh spores.As a result of these diÆulties the essential parameters that are neessary for any reliableestimate of the optial spetra are not well known, to say the least. For instane all the informationon the size and shape of the spores of antrax are ontained in Fig.1 that we obtained from thesientists at CRDEC. Fig.1 shows that, on the average the spores have a length of 1:4� 0:12�m, a
Fig. 1. Mirophotograph of spores of anthraxwidth of 0:82� 0:05�m and a volume of 0:61� 0:1�m3. the diameter of the equal volume sphereis thus 1:05�m. The spores just desribed ould be modelled as an aggregate of two idential,1
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Fig. 2. Refrative index assumed for the spores of anthrax. The upper and the lower panelreport the real and the imaginary part, respetively, as a funtion ot the wavelength in �m.homogeneous, mutually ontating spheres with a radius of 0:35�m.1 The problem lie in the lakof a reliable refrative index both of the spores as a whole and of their nuleus. We were thereforeford to assume a wavelength-dependent refrative index whose real and imaginary parts are shownin Fig.2. Stritly speaking, the refrative index reported in Fig.2 does not belong to anthrax but toB. ereus, a spore of the same family. Nevertheless, sine the refrative index of anthrax is, at thepresent, not known and, sine B. ereus has similar optial properties, we resolved to adopt it, forthe preliminary alulations that are reported in the next setions.A further problem stems from the fat that the optial spetra reorded in the laboratory underontrolled onditions ome from dehydrated spores of simulants. As a result, when the spores arerehydrated, their optial properties as well as their size hange so that it is important to speify theonditions under whih the spores were used.2 In fat, the ritial parameters of any model used tointerpretate the reorded spetra are the size and the index of refration. We have also to mentionthat biologial spores tend to form aggregates of omparatively big size. Therefore, as most of thealulations of the spetra of model partiles are based on series expansion, the onvergene of theresults must be arefully heked.All these diÆulties determined the kind of researh that our Group performed during thepresent Contrat. In fat, as we stated above, a spore of anthrax an be modelled as an aggregate oftwo mutually ontating spheres, nevetheless an aggregate of spores turns out to be rather similarto an an aggregate of large spheres. We had thus to �nd general methods to hek the onvergeneof the alulation. 2
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Fig. 3. Geometry adopted in our alulations. kI denotes the inident wavevetor.2. CalulationsThe tehnique that we used to perform our alulations is the most reent version of the theorythat we developed and improved over the last twenty years and that is fully desribed in a reentbook by the present authors.1 In the same book the tehnique to alulate the sattering patternfrom aggregates of spheres with a known distribution of their orientations is also desribed in detail.Anyway, when our alulations refer to lusters in �xed orientation, we adopted the geometry thatis skethed in Fig.3, where the diretion of the inident wavevetor k̂I for head-on inidene is alsodrawn.In Fig.4 (a) and (b) we report, in �m2, the extintion and the sattering ross setion for arandomly oriented dispersion of model spores. The ases of head on and of broadside inidene arealso reported in Fig.4() and (d) and (e) and (f), respetively. The ross setions drawn in Fig.(4)are quite regular and give a global information on the optial properties of our model. Nevertheless,a more detailed information an be gained from the 3-D graphs in Fig.(5) that report the di�erentialsattering ross setion in the forward zone, alulated at seleted wavelengths. This information israther useful in view ofthe strong variability of both the real and the imaginary part of the refrative index. These plotsare supplemented by the ontour plots that we report in Fig.(6) that are meant to give a general ideaof what pattern one should expet to see when our model spores are illuminated in �xed orientation,with the geometry desribed in Fig.(3). Sine the geometry implies head on inidene, all the plotsare independent of polarization; furthermore, all the plots show reetion symmetry around the �Saxis. Note that in the top-left ontour the wavelength is 0:25�m i.e. it is a little smaller than theradius of the omponent spheres. Therefore it is not surprising that the spherial omponents of themodel are quite disernible. In any ase all these plots should be onsidered as preliminary for thefollowing reasons� The refrative index is not the true one of the spores of anthrax but only a guess based on thesimilitude of B. ereus and athrax.� The model that we adopted is a rough one and its adequay should, therefore be furtherinvestigated so as to propose, if neessary, improved models.3
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λ (µm) Fig. 4. Extintion and sattering ross setion in �m2 as a funtion of the wavelength in�m for the lusters onsidered in the present Report. In (a) and (b) random orientation isonsidered; in () and (d) the inidene is head on; in (e) and (f) the inidene is broadside.Note that neither the ase of random orientation nor the ase of head on inidene depend onthe polarization, as expeted. The polarization dependene of the ross setions is, instead,well disernible in the ase of broadside inidene.
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Fig. 5. Sattered intensity in the forward zone for model spores of anthrex in �xed orientationat seleted values of the inident wavevetor.
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Fig. 6. Contour plots orresponding to the satterd intensity reported in Fig.(5).6



3. E�et of the presene of a nuleusIn the present setion we investigate the hanges undergone by the optial properties of our modelwhen the omponent spheres are assumed to have a nuleus or when the radius of the spheres isallowed to hange. To this end, when we onsider single spores in free spae the geometry is that ofFig.3. Note that, in this setion the wavevetor of the inident �eld is taken to be parallel to the z axisand that the polarization is either along the x axis (polarization 1) or along the y axis (polarization2). In order to improve the model we onsidered the ase in whih the omponent spheres, eah ofradius rs = 0:35�m, have a nuleus of omparatively strong absoptivity. To this end we inluded ineah of the omponent spheres a entered inlusion whose radius is either 80% or 90% of the radiusof the host sphere. We hose to perform the alulations at � = 2�m beause at this wavelengththe size parameter of eah of the host spheres is x � 1. Sine the orresponding dieletri onstant
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Fig. 7. Sattered intensity I11 (a) and average sattered intensity �I1 1 (b), in �m2, at � =2�m as a funtion of the angle of sattering �S for the original luster (solid line) for theluster with nuleus with radius rN = 0:8 rs (dotted line) and with nuleus with radiusrN = 0:9 rs (solid line with bulletts).is "0 = 2:23 + i9:89 � 10�4 we hose for the nuleus the dieletri onstant "1 = 2:5 + i1:09 � 10�3.The results for the satterd o-polarized intensity I1 1 as a funtion of the angle of sattering �S areshown in Fig.7 (a) in ase of �xed orientations and in Fig.7 (b) in ase of random orientation.We also made a alulation at � = 13�m where the omponent spheres have a size parameterx � 0:1 and a dieletri onstant "0 = 2:20+ i7:57 � 10�2. In this ase we assumed for the nuleus adieletri onstant "1 = 2:4+ i8:5 � 10�2. The results of our alulations are reported in Fig.8(a) forthe ase of �xed orientation and in Fig.8 (b) for the ase of random orientation.Even a ursory examination of Figs.7 and 8 shows that the presene of the nuleus produes7
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Fig. 8. Sattered intensity I11 (a) and average sattered intensity �I1 1 (b), in �m2, at � =13�m as a funtion of the angle of sattering �S for the original luster (solid line) for theluster with nuleus with radius rN = 0:8 rs (dotted line) and with nuleus with radiusrN = 0:9 rs (solid line with bulletts).little di�erene from the original luster omposed of homogeneous spheres. In partiular no hangeat baksattering is detetable, both for �xed and for random orientation. Moreover, the satteredintensity at � = 13�m, shows, as expeted a strong derese, that may be ompensated only in asethe observations are made on a dispersion ontaining a high number of spores.4. Dependene on sizeThe geometry that has been adopted until now is based on the estimate of the atual size of the sporesmade on the basis of eletron mirosopy. Of ourse these estimates are a�eted by the experimentalunertainties. Therefore in the present setion we ompare the extintion ross setions of modelspores modeled as aggregates of two idential spheres whose radius is allowed to hange withinthe limits of the experimental unertainties. The spetrum has been alulated in the wavelengthrange 0:1 � � � 8:0�m where the di�erenes indued by the hange of size are easily disernible.In Fig.9 we report the extintion ross setion, averaged for random orientation, for several valuesof the radius of the omponent spheres. We also report, for the sake of omparison the extintionross setion of the volume equivalent sphere, whose radius, aording to the laboratory data, isre = 0:6306�m. In Fig.10 we report the extintion ross setion for lusters in �xed orientation(aording to Fig.3) when the �eld is polarized along the x axis. A look to Fig.9 shows that, withinreasing radius of the omponent spheres, the main extintion peak tends to shift towards higher8
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Fig. 9. Extintion ross setion in �m2 averaged for random orientation as a funtion of thewavelength for the original luster and for three further hoies of the radius of the ompo-nent spheres. The ross setion of the equivalent volume sphere of radius re = 0:6306�m isalso reported for the sake of omparison.wavelengths so as to superpose to the main peak of the volume equivalent sphere. Nevertheless thesuperposition never ours in the range of radii that we onsider here. The same is true for thease of �xed orientation, as an be seen in Fig.10. We found that the behavior displaied in Fig.10also pertain to the urves for �xed orientation and polarization along the y axis: a spei� �gure istherefore not reported.In onlusion we an state that, the behavior of the model has little dependene on the preseneof a nuleus but that it may, even appreiably, depend on the size of the spheres that are used tobuild the model. Further investigation on this point is still in progress. We also plan to onsider thesattering pattern from our model spores deposited on a plane surfae. Note that we are able toperform the latter task both in ase of a dieletri and of a metalli surfae.15. Sattering from rehydrated sporesIn the preeding reports we stressed that the main problem with the individuation of the spores ofanthrax and of any other bateriologial agent lies not so muh in determining the exat form andsize of the single spores, as in determining their "exat" refrative index. In fat, all our alulationssuggest that the possibility of �nding some feature of the optial spetra of biologial spores thatpermits the disrimination of a partiular type, do depend on the exat knowledge of the refrativeindex. For this reason, in the last few months we foused on heking the results of the most reentpapers whose aim was the measure of the refrative index of single spores. In the present report9
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Fig. 10. Same as Fig.9 but for lusters in �xed orientation and broadside inidene. Theinident eletri �eld is polarized along the x axiswe desribe our hek of the results reported in the paper: A.Katz, A.Alimova, M.Xu, P.Gottlieb,E.Rudolph, J.C.Steiner, R.R.Alfano In situ determination of refrative index an size of Baillusspores by light transmission Optis Letters 30, 589-591, 2005. In this respet let us stress that B.Subtilis is onsidered by many workers the best simulant of the spores of anthrax. In summary, theauthors alulated the sattering power of single spores of B. Subtilis in the wavelength range 400-1000 nm; in this range the absorption from the single spores is negligible so that the refrative indexan be onsidered to be real. Dry spores are put into a nourishing solution and the sattering froma test tube �lled with the resulting dispersion is measured under ontrolled laboratory onditions.The dry spores turn out to be omposed by a mantle whose refrative index is smaller than that ofthe ore, but, when immersed into the nourishing solution, ativate and lose their mantle within twohours. After six hours the ativation proess is omplete and the spores shows a fully hydrated oreand beomes nearly vegetative. The authors assume that, under these onditions, the "anomalousdi�ration approximation" is valid, so that the sattering ross setion is given bywhere the oeÆients 1 and 2 depend on the size parameter and on the refrative index ofthe sattering objet. From the best �t of the optial attenuation one gets the numerial estimateof the oeÆients 1 and 2 as a funtion of the time during whih the spores lie immersed inthe nuorishing solution. The evaluation of the size parameter and the refrative index of the sporesrequire the hoie of a suitable model. The authors hoose two models: 1) Homogeneous, non-layeredspheres; 2) Spherial layered spheresIn the �rst ase the experimental data yield: Initial radius of the dry spore: 0.35 miron Finalradius (after 6 hours) : 0.6 miron Initial refrative index : 1.55 miron (this value overestimates the10
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A further aspet of our approah is the possibility of de�ning the transition matrix for thepartiles on the surfae. This possibility is quite useful beause the transition matrix possess wellde�ned transformation properties under rotation of the oordinate frame. As a result, it beomes aneasy matter to perform averages over the orientational distribution of the partiles.17. Referene frameIt is usual to perform the alulations for the sattering pattern from partiles deposited on a surfaeby assuming a frame of referene whose z axis is orthogonal to the surfae. Also the theory is basedon this hoie of the frame of referene, that is hardly ompulsory, however. In fat, in order todisplay the results of our alulations we preferred to hoose a di�erent frame of referene that isbetter desribed in Fig.14. Aordingly the dieletri surfae is hosen to oinide with the zx planeand the normal is therefore oinident with the y axis.
Fig. 14. Frame of referene that has been hosen to display the results of our alulations.The arrow on the equatorial plane indiates the diretion of inidene, that forms an angleof 45Æ with the normal to the surfae.Aordingly, the range of the polar angles of the diretion of observation are 0 � #S � � and0 � 'S � 2�. In Fig.14 the diretion of inidene is indiated by an arrow and its polar anglesare #I = 225Æ and 'I = 45Æ; in other word we hose the diretion of inidene to form an angleof 45Æ with the normal to the surfae. This de�nes the plane of inidene as the xy plane. Thepolarization of the inident and of the sattered �eld has been fully taken into aount. In fatwe onsidere the inident �eld polarized both along the meridians (#-polarization) and along theparallels ('-polarization) and the omponents of the sattered �eld both #-polarized and '-polarizedare onsidered. Therefore, in the following �gures we display the sattered intensities generated byan inident �eld with both kinds of polarization. In this respet we stress that the presene of thesurfae implies the ourrene of ross-polarization e�ets even when the atual partile is a singlesphere. In all ases, due to the generality of our approah we are able to report the full satteringpattern, i.e. our results are not restrited to the plane of inidene.14
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Fig. 15. Pattern of the sattered intensity from spores of anthrax with their axis along thex axis. The quantity that we atually report, in �m2, is I��0 = r2I��0=I0.8. ResultsFor the alulations that are desribed below, we assumed a refrative index for the dieletri materialto be n00 = 1:3 that is appropriate for silion in the visible and the near infrared. The hoie of a realrefrative index is in no way a limitation, its only e�et being to inrease the rate of onvergene;of ourse, nothing prevents the alulation on a surfae whose refrative index is omplex. As usualthe spores of anthrax are modeled as a luster of two idential spheres of radius � = 0:35�m . Therefrative index of the spheres is assumed to be idential to that of the B. Cereus for reasons thatwere fully explained in our preeding reports. The wavelength of the inident radiation is � = 2:0�mand the diretion of inidene is haraterized by the polar angles #I = 90Æ and 'I = 225Æ, i. e. thediretion of inidene forms an angle of 45Æ with the normal to the surfae. Note that in order toperform our alulations we assume that the spores form a monolayer on the surfae and that theirdensity is so small that multiple sattering proesses are negligible. Aording to Reihl6 if multiplesattering proesses were to be onsidered, the pattern of the sattered intensity would ontain termsthat desribe the positional orrelation of the partiles.In Fig. 15 we report the pattern of the sattered intensity for equioriented spores with theiraxis along the x axis (see Fig. 14). As usual we do not inlude the intensity of the reeted �eldbeause the latter would be detetable only along the diretion of reetion In Fig. 16 we report the15
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Fig. 16. Pattern of the sattered intensity from spores of anthrax with their axis along thez axis. The quantity that we atually report, in �m2, is I��0 = r2I��0=I0.
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